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We have performed Co- nuclear quadrupole resonance (NQR) studies on Na^CoC^ • 2/H2O 
compounds with different Na (x) and hydrate (y) contents. Two samples with different Na 
contents but nearly the same T c values {x = 0.348, T c = 4.7 K ; x = 0.339, T c = 4.6 K) were 
investigated. The spin-lattice relaxation rate 1/Ti in the superconducting (SC) and normal 
states is almost the same for the two samples except just above T c . NQR measurements were also 
performed on different-hydrate-content samples with different T c values, which were prepared 
from the same Na-content (x = 0.348) sample. From measurements of 1/Ti using the different- 
hydrate-content samples, it was found that a low-T c sample with T c = 3.9 K has a larger 
residual density of states (DOS) in the SC state and a smaller increase of 1/TiT just above T c 
than a high-T c sample with T c = 4.7 K. The former behavior is consistent with that observed 
in unconventional superconductors, and the latter suggests the relationship between T c and 
the increase in DOS just above T c . This increase, which is seemingly associated with the two- 
dimensionality of the C0O2 plane, is considered to be one of the most important factors for the 
occurrence of superconductivity. 
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Since the discovery of the layered sodium cobaltate su- 
perconductor Na^CoCvyEbO, 1 much attention has been 
paid to the magnetic properties of the C0O2 plane with 
a triangular lattice. The C0O2 forms a two-dimensional 
(2D) hexagonal layered structure and, in the nominal 
notation, the 1 — x fraction of Co is in the low spin (S 
= 1/2) Co 4+ state while the x fraction of Co is in the 
S = Co 3+ state. Superconductivity was discovered in 
Nao.35Co02 T.3H2O, in which the sodium concentration 
is reduced to 0.35 and an intercalation of H2O occurs. 

The above cobaltate superconductivity is quite inter- 
esting compared with cuprate superconductivity, since 
both systems commonly have partially filled 3d orbitals. 
In cuprates, Cu 2+ has an e g (d x 2_ y 2) band near the Fermi 
level with a strong hybridization with O 2p orbitals, 
whereas in cobaltates, 3d 5 in Co 4+ occupies three lower 
tig bands with less hybridization to O 2p orbitals due 
to the weaker overlap of triangular bonding. At present, 
the magnetic properties of cobaltate superconductors are 
controversial. It is believed that a cobaltate is also an 
electron-doped Mott insulator the same as an electron- 
doped cuprate, since 0.35 Na doping in C0O2 is consid- 
ered to provide 0.35 electrons/Co in a frustrated half- 
filled triangular lattice. On the other hand, Nao.3sCo02 
can also be regarded as 0.65 hole doping/Co to the band- 
insulating state in NaCo02 with the low-spin state of 
Co 3+ . The former situation is favorable for the resonat- 
ing valence bond (RVB) state, which prefers a d-wave 
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order parameter, 2,3 and the latter situation in which the 
doping level is far from the half filling on the 2D triangu- 
lar lattice can give rise to /-wave triplet superconductiv- 
ity. 4 ' 5 The proper understanding of the magnetic proper- 
ties of the C0O2 plane is quite important in elucidating 
the mechanism of this superconductivity. In addition, it 
is reported that the superconducting (SC) phase diagram 
of Naa;Co02 • 2/H 2 has a dome shape with respect to T c 
against x, which is similar to that of cuprate supercon- 
ductors. 6 Investigation into the Na-doping dependence of 
T c and the magnetic properties of the C0O2 plane is also 
important for understanding this system, however there 
are few studies on these points. 

In our previous paper, from the measurement of spin- 
lattice relaxation rate (1/Ti) in Nan.34sCo02- I.3H2O 
with T c — 4.7 K by the nuclear quadrupole resonance 
(NQR) technique, we reported that the coherence peak 
is absent just below T c , accompanied with the T\T = 
const. (Korringa) behavior far below T c . This strongly 
suggests that this superconductivity is classified as un- 
conventional superconductivity from the 1/Ti behavior 
in the SC state. 7 We also reported that 1/TiT is en- 
hanced below 100 K with decreasing temperature and 
showed that this enhancement is related to the devel- 
opment of q = fluctuations from comparison between 
1/TiT and Xbuik- Therefore, we suggest that nearly fer- 
romagnetic fluctuations might be associated with the un- 
conventional superconductivity. 7 

To date, NQR results have been reported by several 
groups, however the results on 1/Ti behavior are not 
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Fig. 1. X-ray diffraction of three samples with different hydrate 
contents for 7.5° < 2t9 < 14°. The peaks shown here correspond 
to the (002) diffraction. 



consistent. 7-9 The difficulty in carrying out experiment 
on the hydratc-cobaltate superconductor is that water in 
the samples is easily removed in atmosphere and that the 
SC characteristics degrade rapidly. It was also reported 
that the SC characteristics are highly influenced by Na 
content. 6 To settle the discrepancy in the NQR results 
reported thus far, systematic NQR studies using well- 
characterized samples are necessary. 

In this paper, we report the NQR results of several 
samples with different Na and hydrate contents. The 
NQR results of two samples with different Na contents 
but nearly the same T c value are very similar except for 
the 1/T\T behavior just above T c . On the other hand, 
the NQR results of the different-hydrate-content samples 
prepared from same-Na-content samples suggest that T c 
and the electronic state in the normal state are depen- 
dent on hydrate content, which is seemingly related to 
the c-axis lattice constant. The dependence of T c on the 
c-axis lattice constant is consistent with a recent report 
by Milne et al. w A high-T c sample with a high hydrate 
content shows a large increase in 1/T\T in the normal 
state, together with a gradual increase in susceptibility 
below 100 K. The present results show that T c depends 
on normal-state electronic state, which is dependent on 
hydrate content and/or c-axis lattice constant. 

In the present experiment, we used powder samples, 
the preparation of which has been reported previously. 1 
A SC transition was confirmed by dc-susceptibility 
measurement. The Na content was analyzed using in- 
ductively coupled plasma atomic-emission spectrometry 
(ICP-AES). Two samples with different Na contents were 
investigated. One was a sample with Na content 2=0.348, 
which shows superconductivity at 4.7 K; the other was a 
sample with x =0.339 and T c = 4.6 K. The NQR results 
of the former sample were reported in our previous pa- 
per. 7 The preparation of diffcrcnt-hydrate-content sam- 
ples from the same x — 0.348 sample was as follows. The 
fully hydrated sample with x = 0.348 was stored in vac- 
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Fig. 2. (a) Temperature dependence of 1/TiT of different-Na- 
contcnt samples measured at NQR peak of 12.3 MHz. (b) Com- 
parison between 1/T\T and \. 1/T\T starts to decrease just 
below the SC transition temperature determined by \. (c) Tem- 
perature dependence of 1/T\T of two samples at approximately 
T c . T c is denoted by an arrow in each figure. 



uum at room temperature for three days, and it turned 
into a mono-layered hydrate (MLH) structure. This MLH 
sample did not show superconductivity down to 1.5 K. 
After this MLH sample was left in a humid atmosphere 
for one week, the superconductivity recovers with T c = 
3.9 K. 1 We call this sample as the "BLH (bilayered hy- 
drate) low-T c sample" in this paper to distinguish it from 
the original "BLH high-T c sample" . In the above proce- 
dure, Na content is considered to be unchanged, thus the 
difference in T c is ascribed to that in hydrate content y in 
Na . 3 48CoO 2 - yH 2 0. From the X-ray diffraction (XRD) 
result shown in Fig. 1, the MLH sample does not include 
the BLH structure at all, whereas the BLH low-T c sample 
has a small fraction of the MLH structure. The quality 
of the BLH low-T c sample is not as good as the origi- 
nal BLH high-T c sample due to the imperfect hydration 
process. It is confirmed here that the SC phenomenon is 
reversible for the hydration process. 

First we discuss the NQR results of the two different - 
Na-content samples (x = 0.348, T c = 4.7 K: x = 0.339, 
T c = 4.6 K). NQR spectra of the two samples arising 
from the ±7/2 <-> ±5/2 transition ( 59 Co: / = 7/2) show 
a maximum at 12.3 MHz with a full width at half maxi- 
mum (FWHM) of - 0.4 MHz. A difference in NQR spec- 
tra is not observed between the two samples. Figure 2(a) 
shows the temperature dependence of \/T\T in the x = 
0.348 and x =0.339 samples, measured at the maximum 
peak in the NQR spectra. \/T\T in both samples shows 
a sharp decrease without a coherence peak just below T c , 
accompanied by the Korringa relation far below T c due 
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Fig. 3. 59 Co-NQR spectra corresponding to ±5/2 <-> ±7/2 tran- 
sition in BLH high-r c , MLH, and BLH low-T c samples. The 
spectra were obtained by a frequency-swept method. The crystal 
structure of each compound is also shown for comparison. 



to the residual density of states (DOS) at the Fermi level. 
Detailed comparison between \jT\T and dc x at approxi- 
mately T c in the x = 0.339 sample is shown in Fig. 2(b). 
It is also confirmed in the x — 0.339 sample that l/T^T 
starts to decrease at T c determined by dc x- Figure 2(a) 
shows that the residual DOS determined by the Kor- 
ringa relation is almost the same for the two samples. 
The close magnitudes of the residual DOS are consistent 
with the very close T c values of the two samples, since 
it is well established that the residual DOS has a rela- 
tionship with T c in unconventional superconductivity, as 
will be discussed later. A small difference in normal-state 
1/TiT between the two samples was found below 10 K 
as shown in Fig. 2(c). \jT\T in the x = 0.348 sample in- 
creases with decreasing T, whereas it is constant below 
10 K in the x — 0.339 sample. The possible origin of this 
difference in 1/TiT in the normal state will be discussed 
later. 

Next, we report the magnetic properties of the dif- 
ferent hydrate-content samples. Figure 3 shows the Co- 
NMR spectra of the different hydrate-content samples, 
which arise from the ±5/2 <-> ±7/2 (3z^q) transition. 
The crystal structure of each compound is also shown 
in Fig. 3. The BLH high-T c sample shows a single peak 
at 12.3 MHz as discussed above, and the MLH shows 
two sharp peaks at 12.1 and 12.3 MHz together with 
other small satellite peaks at lower and higher frequen- 
cies. The BLH low-T c sample shows a peak at 12.1 MHz 
with FWHM ~ 0.4 MHz. In the MLH sample, there exist 
several Co sites with different Na configurations around 
a Co ion since Na and H2O are in the same layer. The 
complex spectrum with the multipeak structure reveals 
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Fig. 4. Temperature dependence of 1/TiT in different-hydrate- 
contcnt samples. Temperature is plotted on the logarithmic scale 



the existence of such Co sites in different environments. 
The identification of each peak is now in progress. On 
the other hand, both of the SC BLH samples show a sin- 
gle peak as shown in Fig. 3. This shows that the random 
effect on the Co site, which originates from the partial 
occupation of the Na layer, is screened by the two adja- 
cent H 2 layers. It seems that the unique electric field 
gradient at the Co sites is related to the occurrence of 
superconductivity. The frequency difference between the 
two BLH samples is considered to originate from the dif- 
ference in the distance between the Co and hydrate ions, 
since the XRD measurements reveal that the c-axis lat- 
tice parameter in the BLH low-T c sample is shorter than 
that in the BLH high-T c sample as shown in Fig. 1. 

Ti was measured at the maximum peak in the BLH 
samples, and at 12.1 and 12.3 MHz in the MLH sample. 
At these peaks, the recovery of nuclear magnetization 
after saturation pulses can be satisfactorily fitted to a 
theoretical curve 11 in the whole temperature range ex- 
cept at very low temperatures. 

Figure 4 shows the temperature dependence of 1/TiT 
measured in these samples. In the MLH sample, 1/TiT 
measured at 12.3 MHz is shown in Fig. 4. 12 1/TiT in 
the MLH sample shows the Korringa behavior below 100 
K down to 1.9 K, whereas 1/TiT in the two SC BLH 
samples shows a sharp decrease below T c . The decreas- 
ing rate of 1/TiT just below T c is faster in the high-T c 
sample than in the low-T c sample. This suggests that the 
sharp decrease is the intrinsic behavior of the system. If 
the residual DOS is estimated from the Korringa behav- 
ior in the SC state, the residual DOS of the BLH low-T c 
sample is larger than that of the BLH high-T c sample. 
This relation between the residual DOS and T c has been 
reported in various unconventional superconductors such 
as cuprate 13,14 and Sr2Ru04 15 superconductors. In the 
normal state, 1/TiT in the BLH high-T c sample contin- 
ues to increase below 100 K down to T c , whereas that in 
the BLH low-T c sample is constant below 20 K. We con- 
sider that the increase in \ jT\T below 100 K depends on 
T c , and that this increase is important for the occurrence 
of superconductivity. 

Figure 5 shows the temperature dependence of the 
bulk susceptibility dc x measured at 10 kOe. Due to 
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Fig. 5. Temperature dependence of bulk susceptibility \ normal- 
ized to that at 100 K in different-hydrate-content samples. The 
inset shows 1/TiT in these samples plotted against T on a linear 
scale. The red (blue) broken curve shows the T dependence of 
X in the MLH (BLH low-T c ) sample after the Curie tail of the 
MLH was subtracted. 

the lack of the exact hydrate content y and nearly 
temperature-independent behavior above 100 K, \ is nor- 
malized to that at 100 K. The x m the MLH sample is 
nearly constant down to 25 K and increases sharply be- 
low 25 K, whereas the \ in the SC samples increases 
gradually below 100 K. It seems that there are two ori- 
gins for the increase in \. The gradual increase below 100 
K, which is observed in the two SC samples, is related to 
the Curie- Weiss behavior of \jT\T . On the other hand, 
the sharp increase below 25 K, which is observed in the 
MLH and BLH low-T c samples, is ascribed to some phase 
other than Na^CoC^ • J/H2O. If we take into account the 
fact that this sharp increase is not observed at all in the 
\jT\T behavior, this sharp increase is due to an impu- 
rity phase with a small volume fraction, e.g., Naa;Co02 
without water, which arose in the dehydration process. 
This is because Co NQR signal in the Naa;Co02 with- 
out water would be found at a frequency other than ~ 
12 MHz. 16 If the Curie tail in the MLH sample is sub- 
tracted from the observed x m the MLH and BLH low-T c 
samples, the T dependence of the resultant x 1S shown 
by the broken curves in Fig. 5. The BLH low-T c sample 
shows the gradual increase below 100 K, which is weaker 
than that observed in the BLH high-T c sample as \jT\T 
does. We suggest that the variation in magnetic proper- 
ties revealed by \jT\T and x is closely related to the T c 
difference between the two BLH samples, which is seem- 
ingly induced by the difference in the c-axis lattice pa- 
rameter of these samples, since the relationship between 
T c and the c-axis lattice parameter was observed. 10 

We suggested in our previous study 7 that nearly ferro- 
magnetic fluctuations are dominant in the normal state, 
which are related to the increase in DOS at the Fermi 
level. Although we show here the relationship between 
\jT\T and x, the identification of ferromagnetic fluctua- 



tions is not sufficient since we cannot rule out the possi- 
bility of incommensurate antiferromagnetic fluctuations. 
However, it is reasonable to conclude that the increases 
of 1/TiT and x are ascribed to the increase in DOS at the 
Fermi level. We suggest that the increase in DOS, which 
could be associated with the longer distance between the 
C0O2 layers, plays a vital role in the occurrence of su- 
perconductivity. 

Finally, we briefly comment on the difference in the 
\jT\T results reported by different groups. 7-9 The dif- 
ference in \fT\T is seen mainly in two temperature re- 
gions, i.e., the temperature regions far below T c and that 
just above T c . \jT\T in the former region is dominated 
by the residual DOS in the SC state, and \jT\T in the 
latter region is related to the increase in the DOS dis- 
cussed above. These differences in \jT\T are considered 
to be mainly due to the different hydrate contents in 
these samples. We consider that the small difference in 
\jT\T below 10 K observed between the two different 
Na-content samples is also due to the slight difference in 
their hydrate content, since the tendency of the sharp 
increase in x seen m hydrate-deficient samples below 25 
K is observed in the x = 0.339 sample. 

In conclusion, from the Co-NQR studies on Na.;;Co02 • 
1/H2O compounds with different Na (x) and hydrate (y) 
contents, it seems that Na content is not so sensitive to T c 
and magnetic fluctuations. On the other hand, wc found 
that the BLH high-T c sample has a larger enhancement of 
1/TiT just above T c than the BLH low-T c sample. If we 
consider the longer c-axis lattice parameter in the BLH 
high-T c sample, the distance between the C0O2 layers is 
one of the most important parameters for the occurrence 
of superconductivity. It is considered that the longer dis- 
tance between the C0O2 layers makes the system more 
2-D-like and increase DOS at the Fermi level. We suggest 
that this increase in DOS is closely associated with the 
occurrence of unconventional superconductivity. 

We thank Y. Maeno, H. Yaguchi and S. Nakatsuji for 
experimental support and valuable discussions. We also 
thank H. Ikeda, K. Yamada, Y. Yanase and M. Ogata for 
valuable discussions. This work was supported by the 21 
COE program on "Center for Diversity and Universality 
in Physics" from MEXT of Japan, and by Grants-in-Aid 
for Scientific Research from the Japan Society for the 
Promotion of Science (JSPS) and MEXT. 

1) K. Takada, et. al: Nature 422 (2003) 53. 

2) G. Baskaran: Phys. Rev. Lett. 91 (2003) 097003. 

3) M. Ogata: J. Phys. Soc. Jpn. 72 (2003) 1839. 

4) K. Kuroki and R. Arita: Phys. Rev. B 64, (2001) 174507. 

5) H. Ikeda, Y. Nisikawa, K. Yamada: J. Phys. Soc. Jpn. 73 (2004) 
17. 

6) R. E. Schaak et al: Nature 424, (2003) 527. 

7) K. Ishida et al: J. Phys. Soc. Jpn. 72 (2003) 3041. 

8) Y. Kobayashi et. al: J. Phys. Soc. Jpn. 72 (2003) 2161. 

9) T. Fujimoto et. al: Phys. Rev. Lett. 92 (2004) 047004. 

10) C. J. Milne et al: cond-mat/0401273. 

11) D. E. MacLaughlin, J. D. Williamson and J. Butterworth: 
Phys. Rev. B 4 (1971) 60. 

12) 1/TiT was also measured at 12.1 MHz for the MLH sample, 
and 1/TiT was 8.2 s _1 K -1 at 4.2 K, 10 % smaller than 1/TiT 
at 12.3 MHz. Temperature dependence was the same as that 



J. Phys. Soc. Jpn. 



Letter 



Author Name 5 



at 12.3 MHz. 15) K. Ishida et al: Phys. Rev. Lett. 84 (2000) 5387. 

13) K. Ishida et al: J. Phys. Soc. Jpn. 62 (1993) 2803. 16) R. Ray et al: Phys. Rev. B 59 (1999) 9454. 

14) Y. Hotta: J. Phys. Soc. Jpn. 62 (1993) 274. 



